This letter describes a simple fluidic light source for use "on-chip" in integrated microsystems. It demonstrates the feasibility of light sources based on liquid-core, liquid-cladding ͑L 2 ͒ microchannel waveguides, with liquid cores containing fluorescent dyes. These fluorescent light sources, using both miscible and two-phase systems, are tunable in terms of the beam size, intensity and spectral content. The observed output intensity from fluorescent L 2 light sources is comparable to standard fiber optic spectrophotometer light sources. Integration of fluorescent light sources during device fabrication removes both the need for insertion and alignment of conventional, optical-fiber light sources and the constraints on channel size imposed by fiber optics, albeit at the cost of establishing a microfluidic infrastructure.
This letter describes a simple, fluidic light source that can be integrated "on-chip" for use in microsystems. 1 We use a liquid core, liquid-cladding ͑L 2 ͒ waveguide, in which the core liquid contains a fluorescent dye. Liquid-core waveguiding has been used previously to increase the optical path in sensing applications; 2-9 here, we demonstrate the feasibility of low-power light sources based on liquid-core microchannel waveguides. In this system, light emission, collection and propagation all occur within the liquid core. L 2 waveguides are microfluidic systems in which a flow of a liquid with low index of refraction ͑the cladding͒ envelops a flow of another liquid with higher index of refraction ͑the core͒. At low Reynolds numbers ͑Re͒ in a single channel, these two liquids flow laminarly. 10 The stable, smooth interface between the two liquids makes it possible to guide light in the high-index liquid stream. The L 2 system has three characteristics that may make it preferable to both solid-core/ solid-cladding, and liquid-core/solid-cladding waveguides in some applications: ͑i͒ the optical smoothness of the L 2 interface, ͑ii͒ the ability to control the numerical aperture ͑refrac-tive index contrast͒, geometry and position of the waveguide; and ͑iii͒ the ability to choose the organic fluorophores used, and to change them dynamically. Figure 1 shows the design of the microfluidic device we used to evaluate the performance and characteristics of the L 2 fluorescent light source. Microchannels were fabricated in poly͑dimethylsiloxane͒ ͑PDMS͒ using replica molding. 11 A section of the channel ͑ϳ4 mm͒ was irradiated ͑optically pumped͒ with a collimated beam from a quartz halogen lamp ͑150 W, Cuda Fiber Optic Light Source, Model I-150͒ perpendicular to the long axis of the channel. Fluorescent light output was collected at a T junction at the end of the microfluidic channel; this T formed the exit aperture of the waveguide.
The amount of light that will be captured/guided by the liquid core is strongly dependent on the contrast in refractive index between the core and the cladding, ⌬n = n core -n cladding ͑where n is the index of refraction͒. In an optically smooth PDMS microchannel completely filled with an ethylene glycol ͑EG͒ solution of a fluorescent dye, 1% of the light that is emitted isotropically from the dye will, in theory, be guided ͑the captured fraction is ⌬n / (2n core ) ͑see EPAPS Ref. 18͒͒. The light transmitted through the waveguide will, in practice, suffer losses due to absorption ͑e.g., by the dye itself; that is, by self-absorption͒ and scattering ͑e.g., from the roughness in the sidewalls of the PDMS channel͒. The introduction of a liquid cladding produces an optically smooth interface, and allows dynamic control over the refractive index contrast. An EG/water L 2 waveguide, for example, can in principle capture ⌬n / (2n core ) = 3.5% of the emitted light. The liquid cladding also allows control of other characteristics of the waveguide, since the free energy of its interfaces with PDMS, and with the liquid core, can be tuned to control the shape of the core, and consequently its modal content. 9 The composition and miscibility of the core and cladding liquids, and the diffusion constants of components of the system, can be manipulated to determine the shape of the optical interface.
Our prototype L 2 system consisted of EG ͑n D = 1.432͒ containing rhodamine 6G ͑Rh6G, 0.1-10 mM͒ as the core stream, and water ͑n D = 1.331͒ as the cladding stream. We chose EG for its relatively high refractive index ͑higher than PDMS, n D = 1.406͒ and because it is a good solvent for many fluorescent dyes. 12 Miscibility of EG and water ensures a stable interface in a laminar flow regime, although mutual diffusion of the two liquids ͑and the dye͒ leads to changes in the refractive index contrast ͑and dye distribution͒ along the length of the channel.
a͒ Author to whom correspondence should be addressed; electronic mail: gwhitesides@gmwgroup.harvard.edu FIG. 1. ͑A͒ Top-view scheme for the L 2 fluorescent light source based on microfluidic channels in PDMS; ͑B͒ the cross section of the device that was used for imaging onto the photodiode and CCD camera was 50 m ϫ 200 m ͑h ϫ w͒. Larger microchannels −125 m ϫ 500 m ͑h ϫ w͒− were used for end-coupling the device to a spectrometer with optical fiber. Figure 2͑a͒ shows a plot of normalized optical power ͑I / I max ͒ versus the ratio of volumetric flow rates ͑v core / v cladding , syringe-pump, pressure-driven flow͒ for the EG/water system. We measured the intensity of the output light by imaging the exit aperture of the microchannel L 2 waveguide with a microscope objective ͑numerical aperture, NA= 0.25͒ onto a Si photodiode ͑ThorLabs, NJ͒. In this figure, we took the maximum intensity to be that observed when the channel was completely filled with the Rh6G/EG solution. Cross sections of the same system were imaged onto a CCD camera and are also shown for the case of v core = v cladding = 1 and 4 mL/h. We note that the optical waveguide is formed by two separate sets of interfaces: ͑1͒ EG/ water on the sides, and ͑2͒ EG/PDMS on the top and bottom.
The intensity of the output increased with increasing core width ͑determined by the ratio of the flow rates͒. We expect, for a perfectly loss-less system, that intensity should be directly proportional to the amount of fluorophore in the optically pumped zone ͑that is, to its concentration, and to the cylindrical volume defined by the cross section of the core and the length of the optically pumped zone͒. This assumption is consistent with the fact that intensities observed for different concentrations of the dye fall onto the same master curve when normalized for the maximum intensity at a given concentration. For a fixed concentration, the total amount of fluorophore illuminated should be independent of the flow rate. There is, however, a pronounced effect of the flow rate on the optical output. The dashed curve in Fig. 2͑a͒ represents the theoretical intensity, which should be directly proportional to the volume of the pumped region at different ratios of flow rates ͑extrapolated from I max ͒. At low flow rates ͑v core =1 mL/h͒, the effects of diffusion reduce the output by decreasing the refractive index contrast 9 and leading to a smaller effective NA of the waveguide. Conversely, at FIG. 3 . ͑A͒ Emission spectra of the L 2 ͑core: EG/cladding: water͒ fluorescent waveguide light sources containing different dyes ͑the raw peak intensities were within 30% of each other before normalization͒. The spectra were obtained by coaxially end coupling 105 µm core multimode silica optical fiber ͑125 µm total diameter͒ at the T terminus of the microfluidic channel. A spectrum of the tungsten light source of the spectrometer coupled directly to the spectrometer input by the same type of the fiber is shown for comparison. The fine structure in the spectra reflects the throughput characteristics of the fiber optics; ͑B͒ emission spectra of the Rh6G microfluidic light source observed for different concentrations of the fluorophore. The optical pumping region was centered 4 mm away from the waveguide output; ͑C͒ shift in emission maxima of the Rh6G microfluidic light source due to variation in the propagation distance, d, within the L 2 waveguide. Inset: optical power vs distance between the center of the optically pumped region and L 2 waveguide output. After initial quick falloff due to self-absorption, the optical power losses are Ͻ0.2 dB/ cm.
FIG. 2. Optical power output of Rh6G fluorescent L
2 light source with diffusive ͑A, EG water͒ and immiscible ͑B, EG silicone oil͒ core-cladding interfaces. The dashed curve in ͑A͒ is the theoretical intensity based on the volume of the pumped region at different flow rate ratios. Other curves are drawn to guide the eye. Spatial intensity distributions of the two systems were recorded with a CCD camera at some representative flow rates ratios ͑ v core : v cladding in mL/h͒: ͑1͒ 4:4; ͑2͒ 1:1; ͑3͒ 1:0.2; ͑4͒ 1:2; and ͑5͒ 1:20. flow rates above a critical diffusion limit, the high optical contrast achieved by introducing a low index can improve the efficiency of a liq/PDMS system by more than a factor of two with respect to the theoretical curve. L 2 waveguides based on immiscible liquids eliminate issues associated with diffusion. Silicone oil ͑DC200, n D = 1.401, 10 mPa s, Fluka͒ was used as the cladding liquid to demonstrate this fact. Figure 2͑b͒ plots the normalized intensity versus the ratio of flow rates for a system comprising Rh6G EG and silicone oil. This curve was invariant to changes in the total flow rate. Hydrophobic cladding streams are attractive because they fully wet the walls of the PDMS microchannel, and, thus, provide stable multiphase flows and cross sections that are more rounded than those derived with miscible streams ͓Fig. 2͑b͒ insets͔.
We characterized the system spectroscopically by end coupling the output of the microfluidic system to a UV-Vis spectrometer ͑SI Photonics, Inc.͒ using an optical fiber. Figure 3͑a͒ displays the normalized spectra of three EG/water L 2 waveguide systems, each containing different dyes with emission in the visible regime: Rh6G ͑ max = 582 nm͒, fluorescein ͑ max = 547 nm͒, and coumarin 343 ͑ max = 497 nm͒. For reference, the same graph shows the output of a standard fiber-coupled tungsten lamp source ͑normalized to the I max of the Rh6G͒. The dye can be switched in real time to cover the spectral range of interest without fabrication of a new device. The fluorescent waveguide is not susceptible to bleaching, because dye solution is constantly replenished. Figure 3͑b͒ displays the spectra for the Rh6G system at various dye concentrations. The apparent redshift in max of emission with increasing concentration, from 568 nm at 0.1 mM to 592 nm at 5 mM, is due to the small Stokes shift of Rh6G ͑ϳ30 nm͒ and the large spectral overlap in absorption and emission. At concentrations Ͼ0.1 mM, there is a significant component of self-absorption. In addition, at concentrations ജ10 mM, intermolecular self-quenching rapidly decreased output intensity. An apparent redshift was also seen when the optically pumped zone was moved along the waveguide axis away from the output, increasing the pathlength for absorption ͓Fig. 3͑c͔͒. The reduction in the output intensity did not exceed 20% for paths as long as 2 cm. Selfquenching should be less pronounced for dyes with larger Stokes shifts. 13 We note that concentrations of ϳ1 mM of typical fluorophores ͑extinction coefficients ϳ10 5 M −1 cm −1 ͒ yield optical densities of ϳ1 in a 100 µm high channel, and thus provide optimal absorption of incident light in microchannels.
The power density generated by these systems was on the order of 250 W / m 2 when pumped using a standard 150 W tungsten-halogen light source. While we estimate that the overall efficiency of the Rh6G waveguide is on the order of 0.01% ͑the ratio of power-in available for absorption to the microchannel to power-out from the waveguide: ϳ20 and 0.002 mW, respectively͒, the optical power output could be further increased by improving the coupling of the pump light sources to the dye-containing waveguide. For most applications, these refinements will be unnecessary, since the available optical power is comparable to, or exceeds, that available from conventionally coupled fiber optic light sources for spectroscopy ͑SI Photonics Spectrophotometer, Model 430͒.
This L 2 fluorescent light source has four useful characteristics: ͑1͒ The system generates output intensity comparable to standard fiber-optic spectrophotometer-based light sources, while removing the need for manual insertion/ alignment of the optical fiber, and the constraints on size that are typically imposed by such fibers. ͑2͒ It also has the tunability/flexibility that characterize L 2 waveguide systems in general. 9 In addition to the ability to select core and cladding fluids, there is a wide range of potential fluorescent dyes, ͑3͒ microfluidic light sources should, in principle, eliminate the need for careful alignment of external radiation sources for microfluidic devices ͑a major drawback for fiberoptic-coupled light sources͒, because the fluidic light sources are prealigned in the course of design and fabrication. ͑4͒ The L 2 systems are easily fabricated in polymers using the techniques of rapid prototyping, and give high degree of control over optical surfaces in the microchannels. 11, 14 The disadvantage of these systems is the requirement to manipulate liquids using pumps and reservoirs. This infrastructure should, however, already be available for applications based on the microfluidic devices, and the fabrication process is the same as that of the device itself.
As bioanalytical systems become smaller, 15-17 they continue to rely on optical detection. Optical methods usually require bulky and costly components, and their precise alignment. The fluorescent waveguide light source presented here can be integrated into microanalytical devices and has characteristics similar to those encountered in a typical setup with a fiber optic spectrometer. These characteristics can be easily adjusted due to the fluid nature of the waveguide. 
